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Introduction {#sec001}
============

Until now, four classes of mollusca (Gastropoda, Bivalvia, Polyplacophora and Cephalopoda) have been found to possess light sensitive organs \[[@pone.0140149.ref001]\]: chitons (Mollusca, Polyplacophora) possess 'ocellus eyes', with these being set dorsally in the outermost layer of the shell \[[@pone.0140149.ref002]\]; gastropods (snails and slugs) have a number of different eye types \[[@pone.0140149.ref003]\]; cephalopods (nautilus, squid and octopus) possess eyes of high morphological and functional complexity \[[@pone.0140149.ref004]\] with excellent perception and visual acuity \[[@pone.0140149.ref005]\]. Bivalves, in which light sensitive organs have also been widely studied, have two main types: structured and non-structured.

Bivalves having structured light sensitive organs include scallops \[[@pone.0140149.ref003]\], *Ctenoides floridanus* \[[@pone.0140149.ref006]\], *Arcanoae* \[[@pone.0140149.ref007]\], *Tridacna gigas* \[[@pone.0140149.ref008], [@pone.0140149.ref009]\], and *Laternula truncate* \[[@pone.0140149.ref010]\]. Due to the extensive studies on the visual ability of scallops (as a representatives of bivalves), many aspects of their vision are well understood, such as the identification of light-sensitive species \[[@pone.0140149.ref011]\], eye structure \[[@pone.0140149.ref012],[@pone.0140149.ref013]\], eye function \[[@pone.0140149.ref003]\] and the environmental factors that impact on vision \[[@pone.0140149.ref014]\]. The light sensitive organ of scallops---described as a 'pallial eye'---is located on the mid-mantle fold and functions as an alarm, to alert the animal to danger \[[@pone.0140149.ref003]\].

Bivalves with non-structured eyes can sense light, probably using dermal sensors \[[@pone.0140149.ref015]\]. Both small (\< 15 mm) and large (\> 15 mm) of *Limnoperna fortunei* show negative phototaxis and positive geotaxis when exposed to light \[[@pone.0140149.ref016]\]. *Dreissena polymorpha* also shows strongly negative phototaxis \[[@pone.0140149.ref002]\]. This behaviour might lead to selecting deeper and more sheltered sites, which are better protected against predators and dislodgement \[[@pone.0140149.ref004]\]. The exposure of *Mya arenaria* to light results in an interesting phenomenon: firstly retracts its paired siphons, then slowly expands them, and remains in this state during the remainder of the exposure \[[@pone.0140149.ref005]\].

The aim of the present study was to determine whether adult Pacific oysters were sensitive to light. Light sensitivities in larvae of some bivalve species have been confirmed, including *Mytilus sp*. \[[@pone.0140149.ref017]\] and oyster \[[@pone.0140149.ref018]\], but there is still uncertainty regarding the light sensitivity of the adult oysters. Adult oysters are sessile so light sensitivity is unlikely to have a significant impact on their movement to other locations. It may, however, play an important role in growth, reproduction, and antipredatory behavior.

Materials and Methods {#sec002}
=====================

Animal preparation {#sec003}
------------------

We obtained a number of adult Pacific oysters (shell height: 5--10 cm) from aquaculture farms located in the following areas: 66 from Yantai (China); 66 from Rushan (China); and 68 from Penglai (China). The oysters were cleaned with a brush and cultured in aquaria (80×40×40 cm, length×width×height) at Ludong University with water depth of 20 cm, temperature of 22°C, and salinity of 30. Air was pumped into aquaria throughout the 24 h period and feeding (with spirulina powder) took place three times per day. The oysters sampled from each location were separated into a treated group and a control group of equal numbers.

Ethics Statement {#sec004}
----------------

No specific permissions were required for above sampling locations, Pacific oyster is not an endangered or protected species, and not vertebrate. The oysters used in this study were farmed.

Flashlight experiments {#sec005}
----------------------

Twenty-four hours prior to the start of the experiment, the oysters were randomly placed, one at a time, into a small transparent-glass aquarium (30×20×15 cm, length×width×height) through which air was continually pumped. Oysters were fed with spirulina powder. During the experiment, the ambient light condition and the light intensity of the oysters getting from the LED flashlight were detected by one luminometer for three times, respectively. The maximums and the minimums were chosen to determine the possible ranges of light intensity in above two locations as 141--154 lux and 5200--5300 lux. For the oysters in treated group, 'Oyster activity periods' were measured as follows: when the oyster shells opened, the camera initiated a video recording; a flashlight was turned on and then used to shine light (through the transparent glass for a 40 s period) onto the oysters, from a distance of about 5 cm; the flashlight was then turned off and quickly removed; the same camera was used to record the entire activity process. For oysters in control group, the flashlight was used without batteries to simulate the above experimental procedures including turning it on and off in case the associated sound or other factors could affect oyster behavior.

We examined two types of behavioural responses to light: (1) increased shell opening after turning the light on; and (2) closing the shell within 5 seconds after turning the light off. The oysters responding to light were classified into three groups: individuals not only opening their shells after turning the light on but also closing their shells after turning the light off (OC), individuals opening their shells after turning the light on (O), and individuals closing their shells after turning the light off (C).

Statistical Analysis {#sec006}
--------------------

The difference in the numbers of oysters responding to light between the treated group and the control group was tested using the Fisher exact test for each sampling location.

Results {#sec007}
=======

Some oysters responded to light when the flashlight was shone on them while they were filtering the seawater by increasing the size of the gap between the valves constantly and slowly to a larger or lesser extent. When the flashlight was switched off ([Fig 1](#pone.0140149.g001){ref-type="fig"}) some oysters responded by dramatically reducing or completely closing the gap between the valves. No oyster in the control groups showed such responses. A video of an oyster responding to light as example has been presented in [S1 Video](#pone.0140149.s001){ref-type="supplementary-material"}. The treated and control group differed significantly from each other in their responses to light, regardless of the sampling location ([Table 1](#pone.0140149.t001){ref-type="table"}).

![Responses of oysters to turning the flashlight on and off.\
1, oyster filtering seawater with a slightly-opened shell prior to switch-on; 2, oyster immediately after switch-on; 3, oyster beginning to open its shells during switch-on; 4, oyster with a wider shell opening during switch-on; 5, oyster beginning to close its shell following switch-off; 6, reduction in size of shell opening following the disappearance of flashlights for several seconds. The 'switch-on' indicates the time when the flashlight is switched on; 'switch-off' indicates the time when the flashlight is switched off.](pone.0140149.g001){#pone.0140149.g001}
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###### The numbers of oysters responding to light in treated and control groups.

![](pone.0140149.t001){#pone.0140149.t001g}

                             Yantai      Rushan      Penglai     Total
  -------------------------- ----------- ----------- ----------- -----------
  The treated group (OC/T)   18/33       11/33       15/34       44/100
  The control group (OC/T)   0/33        0/33        0/34        0/100
  *P*-value                  \< 0.0001   \< 0.0004   \< 0.0001   \< 0.0001
  The treated group (O/T)    18/33       14/33       16/34       48/100
  The control group (O/T)    0/33        0/33        0/34        0/100
  *P*-value                  \< 0.0001   \< 0.0002   \< 0.0001   \< 0.0001
  The treated group (C/T)    21/33       18/33       19/34       58/100
  The control group (C/T)    0/33        0/33        0/34        0/100
  *P*-value                  \< 0.0001   \< 0.0001   \< 0.0001   \< 0.0001

Note: OC, the number of individuals not only opening their shells after turning the light on but also closing their shells after turning the light off; O, the number of individuals opening their shells after turning the light on; C, the number of individuals closing their shells after turning the light off; T, the total individual number from any sampling site.

Discussion {#sec008}
==========

In this study, the extent of shell opening increased in some oysters when the oysters were exposed to light, and reduced when the light was turned off, The significant statistical differences between the numbers of responding oysters in the treated groups and the lack of such individuals in the controls suggests that adult Pacific oysters are sensitive to light The eyes of scallops and Ark clams are arranged along the mantle \[[@pone.0140149.ref003],[@pone.0140149.ref019]\], those of some bivalves with dermal light sense were located in the skin, mantle or siphon \[[@pone.0140149.ref015]\]. Further investigation is required to locate the light sensitive organs in oysters.

Speiser and Johnsen thought that an explicit criterion for the occurrence of valve opening was "Mantle gapes were scored as open if there was a gap in the anterior mantle folds and the gills were exposed; mantle gapes were scored as closed if no gap was visible between the anterior mantle folds and the gills were not exposed" \[[@pone.0140149.ref020]\]. This is a static criterion. The degree of oyster valve opening is smaller than that of scallop valve opening and their gills are not exposed even at maximal opening. So, in our study, the criterion of sensing light was that the movements of opening or closing shells were visible, which was a dynamic criterion.

Following settlement and metamorphosis, oysters have a sessile lifestyle \[[@pone.0140149.ref021]\]. It has been previously assumed that the adult oyster did not need the ability to sense light, because they were able to filter algae without seeing the food. Nevertheless, when the oyster filters seawater to obtain food, its shell must be opened, although to a smaller extent than is the case for many other bivalves. During this period the oyster may also be vulnerable to attack by predators. In this context, the perception of dark, indicating the possible approach of predators, could trigger a reduction of the width of the shell opening, or a complete closure of the shell, to avoid danger. In our experiment, a cessation of light caused a darkening effect, to which oysters responded in a similar way. From these results we hypothesise that light-sensitive ability could be useful, and even important, to adult oysters, as a predation-avoidance mechanism.

Other mobile bivalves who can dig themselves into the sand with great speed to escape predation \[[@pone.0140149.ref022]\], or can swim by opening and closing their valves rapidly \[[@pone.0140149.ref023], [@pone.0140149.ref024]\], oysters had no choice but could only close their shells, which was the first step for survival. Some predators can crush or open the closed shells \[[@pone.0140149.ref025]--[@pone.0140149.ref028]\]. So, the second step for survival was to evolve the spiny and tough shells to do further defense against the predators. Other sessile bivalves may have the same mechanism, such as Chrmidae and Spondylidae.

Almost half of experimental oysters opened shells after turning the light on. This contrasts with *Dreissena polymorpha* which avoids illumination by moving to deeper and sheltered sites \[[@pone.0140149.ref004]\]. The reason why these molluscs respond differently to light is an interesting topic in the future. Perhaps oysters might open their valves wider to filter more food if illuminated seawater contains more algae \[[@pone.0140149.ref029]\].

Conclusions {#sec009}
===========

In this study, we obtained the preliminary evidence that the adult Pacific oyster may have light-sensitivity, which will stimulate more detailed research in oyster ethology and may be helpful to the husbandry and management of oysters.

Supporting Information {#sec010}
======================

###### Video of oyster responding to light.

(MP4)

###### 

Click here for additional data file.
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